Meristems such as the shoot apical meristem and flower meristem (FM) act as a reservoir of stem cells, which reproduce themselves and supply daughter cells for the differentiation of lateral organs. In Oryza sativa (rice), the FLORAL ORGAN NUMBER2 (FON2) gene, which is similar to Arabidopsis CLAVATA3, is involved in meristem maintenance. In fon2 mutants, the numbers of floral organs are increased due to an enlargement of the FM. To identify new factors regulating meristem maintenance in rice, we performed a genetic screening of mutants that enhanced the fon2 mutation, and found a mutant line (2B-424) in which pistil number was dramatically increased. By using a map-based approach and next-generation sequencing, we found that the line 2B-424 had a complete loss-of-function mutation (a large deletion) in OsMADS3, a class C MADSbox gene that is known to be involved in stamen specification. Disruption of OsMADS3 in the fon2 mutant by CRISPR-Cas9 (clustered regularly interspaced short palindromic repeats-CRISPR-associated protein 9) technology caused a flower phenotype similar to that of 2B-424, confirming that the gene responsible for enhancement of fon2 was OsMADS3. Morphological analysis showed that the fon2 and osmads3 mutations synergistically affected pistil development and FM determinacy. We also found that whorl 3 was duplicated in mature flowers and the FM was enlarged at an early developmental stage in severe osmads3 single mutants. These findings suggest that OsMADS3 is involved not only in FM determinacy in late flower development but also in FM activity in early flower development.
Introduction
Meristems such as the shoot apical meristem (SAM) and flower meristem (FM) play a central role in plant development. The meristem reserves stem cells in the central region, and lateral organs such as leaves and floral organs are differentiated in the peripheral region from cells supplied from these stem cells. Homeostasis of stem cell maintenance is regulated by a negative feedback loop including the WUSCHEL (WUS) and CLAVATA (CLV) genes in Arabidopsis thaliana. WUS promotes stem cell identity and stem cell proliferation, whereas the CLV signaling pathway negatively regulates stem cell proliferation by repression of WUS (Ha et al. 2010 , Aichinger et al. 2012 . The CLE peptide processed from CLV3 protein acts as a signaling molecule and is perceived by a CLV1 receptor, whose signal in turn represses WUS expression. The SAM is indeterminate because its stem cells are constantly maintained through self-renewal. In contrast, the FM is determinate because its stem cells are eventually consumed to form carpels.
A similar mechanism of stem cell maintenance is conserved in monocots (Pautler et al. 2013 . In Oryza sativa (rice), mutation in FLORAL ORGAN NUMBER (FON) genes such as FON1 and FON2 (also called FON4) causes an enlargement of the FM, resulting in an increase in floral organs such as pistils and stamens (Suzaki et al. 2004 , Chu et al. 2006 , Suzaki et al. 2006 . FON1 encodes a leucine-rich repeat (LRR)-type receptor kinase, most similar to CLV1, whereas FON2 encode a small protein, the CLE domain of which is similar to that of CLV3. Thus, both FON1 and FON2 negatively regulate FM size (Clark et al. 1997 , Fletcher et al. 1999 , Suzaki et al. 2004 , Suzaki et al. 2006 . Unlike in Arabidopsis, the ortholog of WUS, named TILLERS ABSENT1 (TAB1) (also called OsWUS), is not required for stem cell homeostasis in the SAM. Instead, TAB1 plays an important role in axillary meristem development at an early stage (Tanaka et al. 2015) . OsWOX4, another member of the WUSCHEL-RELATED HOMEOBOX (WOX) family, is involved in meristem maintenance of the vegetative SAM in rice (Ohmori et al. 2013) .
In Arabidopsis, floral organs, such as petals and stamens, differentiate at the peripheral region of the FM. The homeotic genes that constitute the ABC model specify the fate of cells supplied from the stem cells to differentiate into each organ (Coen and Meyerowitz 1991 , Lohmann and Weigel 2002 , Jack 2004 . For example, a combination of class B and C genes specifies stamen identity, whereas the class C gene AGAMOUS (AG) alone specifies carpel identity. In addition to carpel specification, AG regulates the determinacy of the FM, because loss of function of AG results in the formation of repetitious ag flowers consisting of sepal-petal-petal (Bowman et al. 1991 , Lenhard et al. 2001 , Lohmann et al. 2001 ). This indeterminate nature of the FM results from a failure in the repression of WUS expression due to loss of AG. Repression of WUS is mediated by the KNUCKLES (KNU) gene, which is induced by AG (Sun et al. 2009 , Sun et al. 2014 .
Although the ABC model is principally conserved in rice flowers, the morphology of which is distinct from that of Arabidopsis, there are some modifications . For example, carpel (pistil) specification is regulated by the DROOPING LEAF (DL) gene, which encodes a YABBY transcription factor (Yamaguchi et al. 2004) . Two class C genes, OsMADS3 and OsMADS58, have functionally diversified, and regulate stamen specification and FM determinacy in different ways (Yamaguchi et al. 2006 , Dreni et al. 2011 , Li et al. 2011 . Floral organs consisting of lodicules (petal homolog), stamens and aberrant carpels are repeatedly formed in mutants defective in class C genes, similar to the Arabidopsis ag mutant. Thus, both FON genes and class C MADS-box genes are involved in regulating FM activity, but the genetic interactions of these genes are poorly understood.
Screening for a genetic enhancer or suppressor that affects the phenotype of the mutant of interest is an effective approach to identify genes that interact with the gene responsible for the mutation and to elucidate the genetic pathway including the gene. In this study, by using an intermediate allele of the fon2 locus (fon2-3), we identified a mutant (2B-424) in which the number of floral organs was increased by a second site mutation. Gene identification revealed that the second site mutation resulted from a large deletion in OsMADS3 (the osmads3-fe1 allele). Analysis of this complete loss-of-function mutant of OsMADS3 provides new insight into class C gene function in rice. In addition, morphological analysis revealed that a combination of fon2-3 and osmads3-fe1 mutations led to a synergistic effect on FM activity, resulting in the indeterminate generation of multiple pistils.
Results

An enhancer of fon2-3
The rice flower has two lodicules, six stamens, and a single pistil, consisting of three congenitally fused carpels; and these floral organs, together with the lemma and palea, constitute a floret (Fig. 1A) . The number of pistils and stamens increases slightly in an intermediate mutant allele of the FON2 locus, fon2-3 (Fig. 1B) , which has an amino acid substitution in the CLE domain (Suzaki et al. 2006) . We previously mutagenized fon2-3 and obtained about 3,000 mutant lines. We then selected several mutants that showed an enhanced or suppressed phenotype of the fon2-3 flower. In this study, we focus on a mutant, 2B-424, which displayed an enhanced phenotype of fon2-3 including an increase in pistil number (Fig. 1C) .
Identification of the fon2-3 enhancer
To isolate the gene responsible for enhancing the fon2-3 mutation by positional cloning, we first crossed 2B-424 with an indica strain, Kasalath. We then selected rice plants exhibiting an increase in pistil number, and used them to map roughly the position of the putative enhancer. As a result, the putative fon2-3 enhancer locus was mapped to the 5.3-6.2 Mb region of chromosome 1 (Fig. 1D) .
Next, we determined the whole nucleotide sequence of 2B-424 using Illumina sequencing technology. We searched the 2B-424 genome sequences within the mapped region and found a 7 kb deletion. The deleted region included a large part of Os01g0201700 (LOC_Os01g10504), which corresponds to a class C MADS-box gene, OsMADS3 (Fig. 1E) . There was no critical mutation such as a frameshift or stop codon within the mapped region; therefore, the enhanced phenotype of 2B-424 is likely to be caused by loss of function of OsMADS3.
Sequencing by standard Sanger's methods revealed that the promoter region (600 bp) and part of the gene body, including the first three exons of OsMADS3, were deleted in 2B-424 (Fig. 1E) . This structural defect suggested that the function of OsMADS3 is completely lost in this mutant. Hereafter, we call this allele osmads3-fe1 (fe1; fon2 enhancer1).
As described below, we confirmed that the gene responsible for enhancing the fon2 mutation was OsMADS3 by using CRISPR-Cas9 (clustered regularly interspaced short palindromic repeats-CRISPR-associated protein 9) technology.
Formation of chimeric organs in duplicated whorl 3 in the osmads3-fe1 single mutant
To check the effect of a single mutation in OsMADS3, we crossed 2B-424 with the wild-type strain Taichung 65 (T65), which is on the same genetic background as fon2-3. The genotypes of F 2 plants were determined by using a marker for either the FON2 or OsMADS3 locus. The plants with a fon2-3/fon2-3 OsMADS3/OsMADS3 genotype displayed a flower phenotype similar to that of the original fon2-3 mutant. We therefore observed the flower phenotype of plants with the FON2/ FON2 osmads3-fe1/osmads3-fe1 genotype (i.e. the osmads3-fe1 mutant) in more detail
The defect due to osmads3-fe1 mutation was obvious in whorl 3, where stamens should develop in the wild type ( Figs. 2A-C, 3B ), as shown in previous studies (Yamaguchi et al. 2006 , Dreni et al. 2011 , Li et al. 2011 ). Stamens were replaced by various types of chimeric organ, exhibiting both stamen and lodicule identity. In severe cases, stamens were mostly transformed into a lodicule-like structure (Fig. 2D, E) .
In intermediate cases, a clear chimeric organ composed of an anther and lodicules was formed (Fig. 2F) . In this chimeric organ, the anther appeared to be formed on the top of the lodicule. In weaker cases, the filament of the stamen became thicker (Fig. 2G) . The phenotypes of these chimeric organs were continuous.
The chimeric organs appeared to be formed in two concentric subwhorls between whorl 2, where the lodicule developed, and whorl4, where the pistil developed (Fig. 2H, I , L). Namely, the region corresponding to whorl 3 seemed to be expanded and duplicated in osmads3-fe1. The chimeric organs formed in outer subwhorl 3 (SW3o) showed stronger lodicule identity than those formed in inner subwhorl 3 (SW3i) (Fig. 2I) .
The number of the lodicules was increased in whorl 2 in osmads3-fe1 (Fig. 3A) . More than 60% of flowers had three or more lodicules. Ectopic lodicules were formed at the lemma side, with no exception (n = 50).
In most cases, only a single pistil was formed in the central whorl in osmads3-fe1 (Fig. 3C) . Pistil morphology was slightly affected: three styles were formed in more than half of the pistils. In exceptional cases, an extra abnormal pistil, in which the ovary wall was not closed and there was no ovule, was formed ectopically (Fig. 2J ).
Duplication of whorl 3 in Cas9-induced knockouts of OsMADS3
The duplication of whorl 3 in osmads3 mutants has not been reported to our knowledge; therefore, we confirmed that this phenotype was reproducible by generating new knockout lines. We disrupted the OsMADS3 gene in the wild type by CRISPRCas9 technology (Mikami et al. 2015) . New mutant alleles were effectively created by targeting the sequence near the MADSbox in OsMADS3 ( Supplementary Fig. S1A ). We obtained three independent strong mutant lines, in which biallelic mutations were caused by frameshift ( Supplementary Fig. S1B ). In all flowers of these strong knockouts, chimeric organs consisting of stamen and lodicule identities were produced instead of stamens ( Fig. 4C-F ). In addition, these chimeric organs were formed in two concentric whorls in most cases, indicating that whorl 3 was duplicated (Fig. 4G) . In contrast to the severe defects in whorl 3, no obvious abnormality was observed in whorl 4 (Fig. 4H ). The flower phenotypes were similar to those of osmads3-fe1. We also obtained a line with a weak mutation that had led to amino acid substitution. The flower phenotypes of this line and one without mutation were similar to those of the wild type (Fig. 4A, B , F-H). Together, these observations suggest that a complete loss of OsMADS3 function causes expansion and duplication of whorl 3, probably due to an enlargement of the FM.
Indeterminate formation of pistils in fon2-3 osmads3-fe1 double mutants (2B-424)
Morphological analysis of 2B-424 revealed that the flower phenotype of fon2-3 was enhanced by osmads3-fe1 mutation (Figs. 3C, 5A-D). The pistil number was dramatically increased in 2B-424 ( Fig. 5E-G) . The average number of pistils was 6.2 and the maximum number was 9. The multiple pistils were formed in duplicated whorl 4, termed outer and inner subwhorl 4 (SW4o, SW4i). For example, a single pistil in SW4i was surrounded by five pistils formed in SW4o (Fig. 5E ). In flowers with more severe phenotypes, several pistils were formed in both SW4o and SW4i (Fig. 5F) . In an extreme case, the lodicules and pistils were formed alternatively, and multiple pistils were generated in SW4i (Fig. 5G) . The latter two cases suggested that the pistils were formed indeterminately.
Another notable abnormality in 2B-424 was the production of amorphous cell masses, which were formed on the pistils (Fig. 5H, I ). Multiple cell masses were often observed in multiple pistils (Fig. 5F, H, I ). In addition, an irregular number of styles (ranging from one to five) was formed on the top of pistils (Fig. 5M) . Chimeric organs with stamen and lodicule identity were also formed in 2B-424 (Figs. 3B , 5B-D, J, K). These organs were generated in two subwhorls of whorl 3, as observed in osmads3-fe1 (Fig. 5J-L) . The duplication of whorl 3 was clearly observed by scanning electron microscopy (SEM): lodicule-like organs were formed inside the original lodicules (SW3o); and chimeric organs with identity similar to stamens were formed in a further inner whorl (SW3i) (Fig. 5K) .
In summary, the combination of osmads3-fe1 and fon2-3 mutation strongly affected pistil development in whorl 4 by promoting indeterminate initiation of pistils.
Cas9-induced strong mutation of OsMADS3 enhanced the flower phenotype of fon2-3
To verify the enhancer effect of osmads3 mutation, we disrupted OsMADS3 in the fon2-3 mutant by using CRISPR-Cas9 technology, as described above (Mikami et al. 2015) . We obtained three independent fon2-3 lines in which OsMADS3 was disrupted by frameshift mutation (Supplementary Fig. S1C ). These fon2-3 lines, which harbored strong biallelic mutations in OsMADS3, exhibited flower phenotypes similar to those of fon2-3 osmads3-fe1; namely, the pistil number was increased dramatically and a number of amorphous cell masses were formed ( Fig. 6C-F) . Chimeric organs consisting of stamen and lodicule identity were also formed in duplicated whorl 3. In contrast, a fon2-3 line that was heterozygous for strong and weak alleles of OsMADS3 showed weakly enhanced flower phenotypes (Fig. 6B, F) . No enhancement was observed in the fon2-3 line heterozygous for the wild-type and strong mutant alleles (Fig. 6A, F) . These results clearly indicated that enhancement of the fon2-3 phenotype resulted from mutation of OsMADS3, and confirmed that the enhancer effect observed in 2B-424 was caused by the loss of function of OsMADS3.
Size and determinacy of the FM
In general, an increase in floral organ number is associated with enlargement of the FM (Clark et al. 1993 , Clark et al. 1995 , Suzaki et al. 2004 , Suzaki et al. 2006 . We therefore examined developing flowers in the wild type and mutants by SEM. The size of the FM was larger in fon2-3 than in the wild type at an early developmental stage, before stamen initiation (Fig. 7A, B) , consistent with our previous results (Suzaki et al. 2006 ). Here we found that osmads3-fe1 also had a larger FM (Fig. 7C) . Although the FM size was variable at this early stage, we confirmed that about half of the FMs of 2B-424 (examined FMs, n = 12) were larger in size than those of the wild type. It is likely that enlargement of the FM at an early developmental stage is associated with the expansion and duplication of whorl 3 in the flowers of osmads3-fe1. Enlargement of the FM was also observed after stamen initiation in osmads3-fe1 and fon2-3, and was more evident in their double mutant, as compared with each single mutant (Fig. 7E-J) . The larger FM may be associated with the indeterminate formation of pistils in the double mutant. Stamens were formed within a single whorl in the wild type and fon2-3 at this developmental stage. In osmads3-fe1 and fon2-3 osmads3-fe1, in contrast, the arrangement of initiated organ primordia was disturbed such that primordia were initiated in different whorls (Fig. 7G-J) . This arrangement of organ primordia is consistent with the formation of chimeric organs in duplicated whorl 3, as described above.
Lastly, we examined the expression pattern of OSH1, which is predominantly expressed in the meristem and is a marker of an indeterminate state (Sato et al. 1996) . Although OSH1 expression was observed in the receptacle, it was undetectable in floral organs including the carpel primordia, suggesting that meristematic cells had disappeared in the wild type and osmads3 (Fig.  8A, C) . In fon2-3, a small amount of cells expressing OSH1 remained in the flower (Fig. 8B) . In contrast, stronger and wider OSH1 expression was observed in the flower of the fon2-3 osmads3-fe1 double mutant, even after the appearance of the carpel primordia (Fig. 8D, E) . This suggests that a large amount of indeterminate cells remained in the fon2-3 osmads3-fe1 flower, suggesting an indeterminate state of the FM. Marked enlargement of the FM was also observed in this double mutant (Fig.  8E) , confirming the above results. In addition, OSH1 signals were detected in some parts of organ primordia in fon2-3 osmads3-fe1. These ectopic OSH1 signals may be associated with the undifferentiated cell masses observed in this double mutant.
Discussion
Identification of osmads3-fe1 as a mutation enhancing the fon2-3 mutation
In this study we identified the osmads3-fe1 allele as a second site mutation that enhances the flower phenotype of fon2-3 by genetic enhancer screening. Gene knockout by CRISPR-Cas9 technology confirmed that a loss-of-function mutation in OsMADS3 leads to enhancement of the fon2-3 mutation. An approximately 7 kb region including the promoter region and three exons was deleted in the osmads3-fe1 allele, suggesting that OsMADS3 gene activity is completely lost. This complete loss-of-function mutant provides new insight into the function of OsMADS3 in the FM, as discussed below. In addition, we revealed that FON2 and OsMADS3 co-operatively regulate the determinacy of the FM.
OsMADS3 is likely to be involved in maintenance of the FM Stamen identity was partially or mostly lost in the osmads3-fe1 mutant, suggesting that OsMADS3 is required for stamen specification. The appearance of organs with lodicule identity in whorl 3 suggests that in the wild type OsMADS3 represses A-function genes, which are probably involved in lodicule specification (Fig. 9A) . This OsMADS3 function is consistent with previous reports (Yamaguchi et al. 2006 , Dreni et al. 2011 , Li et al. 2011 . Despite the complete loss of function of OsMADS3, stamen identity partially remains in osmads3-fe1, suggesting that stamen specification is also regulated by another class C gene, OsMADS58.
A new finding in this study is the expansion of the whorl 3 region in the loss-of-function mutant of OsMADS3. This expansion resulted in the formation of chimeric organs with both stamen and lodicule identity in duplicated whorl 3. The expansion of whorl 3 was confirmed by strong knockout mutations of OsMADS3 that were generated by CRISPR-Cas9 technology. SEM observation revealed that the FM was enlarged at the early and middle stages of flower development in osmads3-fe1, supporting the expansion of this region for floral organ initiation. Thus, OsMADS3 is likely to be involved in regulating FM size. On the basis of our findings, we propose a genetic model to explain the regulation of maintenance and determinacy of the FM in rice ( Fig. 9B; for details, see below) .
In Arabidopsis, the class C gene AG represses WUS expression, inducing meristem termination by consuming the stem cells in the wild type. Loss-of-function mutation of AG results in both indeterminate generation of floral organs and failure of carpel specification (Bowman et al. 1991 , Lenhard et al. 2001 , Lohmann et al. 2001 . Likewise, defects in two class C genes, OsMADS3 and OsMADS58, cause indeterminacy in flower development (Yamaguchi et al. 2006 , Dreni et al. 2011 , suggesting that these genes also repress the WUS-like gene in rice. Here, we tentatively named this WUS-like factor the FMP (FM-promoting) gene.
OsMADS3 is expressed in whorls 3 and 4 from an early stage of flower development (Yamaguchi et al. 2006) . It is possible that OsMADS3 is involved in regulating stem cell proliferation at early and middle stages via proper repression of FMP in the wild type. In osmads3-fe1, however, cells supplied from stem cells would be abundant, resulting in enlargement of the FM and expansion of the organ differentiation zone, because of the partial relief of FMP repression. Thus, whorl 3 might be duplicated. Expansion of the whorl 3 region has not been reported in previous studies (Yamaguchi et al. 2006 , Li et al. 2011 ). Perhaps we were able to find this new aspect of OsMADS3 function by close observation of complete loss-of-function mutants. To our knowledge, expansion of whorl 3 has not yet been reported in Arabidopsis, where WUS expression begins to decrease 2 days after the induction of AG (Sun et al. 2009 , Sun et al. 2014 . It is therefore possible that the difference between rice and Arabidopsis is related to timing of the repression of FMP/ WUS by class C genes.
An increase in lodicule number was observed in osmads3-fe1, like another allele described previously (Yamaguchi et al. 2006 ). Because OsMADS3 is not expressed in whorl 2, the increased lodicule number suggests that OsMADS3 acts in a non-cell-autonomous manner. This action seems to be consistent with the above idea that OsMADS3 is responsible for supplying cells for organ initiation via repression of the putative gene FMP. Non-cell-autonomous action of class C genes is also reported in Arabidopsis (Durfee et al. 2003) , although the discussion concerning the non-cell autonomy of AG is different from ours. In contrast to whorl 3, whorl 4 was not affected in osmads3-fe1. Disappearance of OSH1 expression in osmads3-fe1, as in the wild type, suggests that a single mutation in OsMADS3 does not affect FM determinacy. It is probable that a strong OsMADS58 activity conceals the osmads3-fe1 mutation in whorl 4 (Yamaguchi et al. 2006 , Dreni et al. 2011 . This idea agrees with the finding that the osmads3 osmads58 double mutant exhibits strongly enhanced FM indeterminacy, as compared with osmads3 (Dreni et al. 2011) . A small group of cells expressing OSH1 remained in fon2-3 after carpel initiation, suggesting that FM determinacy was slightly compromised. The DL gene is also partially involved in FM determinacy (Yamaguchi et al. 2004 ). It will be interesting to know how OsMADS58 and DL interacted genetically with OsMADS3 and FON2, and how their expression is affected by osmads3-fe1 and/or fon2 mutation.
Synergistic effect of fon2 and osmads3 mutations
We found that mutation of OsMADS3 strongly enhanced the fon2 flower phenotype in line 2B-424, which was identified by enhancer screening. This finding was confirmed by the disruption of OsMADS3 in fon2-3 using CRISPR-Cas9 technology. In the double mutants of fon2 and osmads3 generated by both methods, organ differentiation in whorl 4 was dramatically affected: the number of pistils was increased and cell masses with undifferentiated cells were formed. These abnormalities are likely to be related to loss of determinacy of the FM. Consistent with this inference, OSH1, which marks indeterminate undifferentiated cells, was strongly expressed in the developing flower even after the initiation of carpel primordia in line 2B-424. These observations suggest the presence of a synergistic genetic interaction between FON2 and OsMADS3.
When the osmads3 single mutant and the fon2 osmads3 double mutants were compared, the phenotype of whorl 3 was largely indistinguishable. In contrast, strong defects were observed in whorl 4 in the double mutant. The increase in floral organ number is more evident in whorl 4 than in other whorls in severe fon2 or fon1 mutants, where more stem cells accumulate in the meristem (Suzaki et al. 2004 , Suzaki et al. 2006 . This is also the case in clv mutants in Arabidopsis. Thus, strong defects in whorl 4 of the fon2 osmads3 double mutants may be associated with an accumulation of stem cells (Clark et al. 1993 , Clark et al. 1995 . The synergistic effect between fon2 and osmads3 mutations suggests that the two genes are involved in independent pathways for repressing stem cell proliferation (Fig. 9B) .
The repeated formation of sepal-petal-petal is observed in the Arabidopsis ag mutant (Bowman et al. 1991) . Likewise, floral organs consisting of lodicules, stamens and carpels are repeatedly formed in the osmads3 osmads58 double mutant (Dreni et al. 2011) . These phenotypes are thought to result from complete loss of determinacy of the FM. In most fon2 osmads3 double mutants, in contrast, the activity of the FM seemed to be terminated after the initiation of several pistils. Thus, the determinacy of the FM seems to be partially maintained, probably due to OsMADS58 activity.
AG has multiple roles in Arabidopsis flower development, such as stamen specification, carpel specification, FM determinacy and AP1 repression (Bowman et al. 1991) . In rice, two class C genes are subfunctionalized, and their contributions to these developmental processes are partially different from each other (Yamaguchi et al. 2006 , Dreni et al. 2011 . Similarly, two class C genes, PLENA (PLE) and FARINELLI (FAR), play similar but different roles in flower development in Antirrhinum majus, because each single mutant displays a different floral phenotype (Davies et al. 1999) . The flowers of the ple far double mutant are similar to those of the Arabidopsis ag mutant, suggesting that the two Antirrhinum class C genes also have partially redundant functions. Here we found that OsMADS3 is involved in the maintenance of the FM at the early and middle stages of flower development. It will be interesting to know whether the involvement of a class C gene in meristem maintenance is observed in other plant species.
Materials and Methods
Plant material
We used fon2-3, which has an amino acid substitution (V to M) in the CLE domain, as a starting plant material (Suzaki et al. 2006) . Panicles of fon2-3 mutants just after self-pollination were treated with N-methyl-N-nitrosourea (MNU) as described in Satoh et al. (2010) . The flower phenotype of M 2 plants was analyzed, and strains exhibiting an abnormal flower phenotype were selected. After a few rounds of cultivation and observation, several stable lines showing the mutant phenotype were used for further developmental studies.
Here we focused on one of the lines, 2B-424.
Rough mapping and next-generation sequencing
The strain 2B-424 was crossed with Kasalath and their F 2 seeds were obtained.
Plants showing an enhanced fon2-3 flower phenotype were used to map a putative enhancer gene. The genomic DNA of 2B-424 was determined by next-generation sequencing methods. Construction of a genomic fragment DNA library and sequencing using the NEB Next DNA Library Prep Reagent Set for Illumina was performed according the manufacturer's protocol. For adaptors and primers, NEB Next Singleplex Oligos for Illumina were used (NEB). Single reads of 75 bp were obtained from GAIIx (Illumina). FASTQ data were extracted and imported into StrandNGS software (Strand Life Science, Inc). Mapping was conducted by using the COBweb program with the reference genome sequence (IRGSP_1.0) in StrandNGS with the following parameters: minimum alignment score, 95; number of gaps allowed, 5; number of matches to be output for each read, 1; ignore reads with alignment length <25; and trim 3 0 end with average base quality <10. Mapped reads were filtered by removing tiles with low quality. After filtering, 93,879,592 mapped reads were used. The BAM file was exported from Strand NGS, and the region which was delimited by genetic mapping was examined in the IGV genome browser (BROAD Institute).
Genotyping of fon2-3 and osmads3-fe1 was performed by using the primer sets listed in Supplementary Table S1 . For genotyping of fon2-3 by a derived cleaved amplified polymorphic sequence (dCAPS) method, the PCR products were digested at 37 C for 4 h with the restriction enzyme ApaLI. For genotyping of osmads3-fe1, two sets of primers were used. One pair of primers, including a reverse primer derived from the region deleted in osmads3-fe1, was used to amplify 945 bp fragments from the wild-type genome. The other pair of primers, including a reverse primer derived from the third intron, was used to amplify 825 bp fragments from the osmads3-fe1 genome.
Generation of knockout mutants by CRISPR-Cas9 technology
To disrupt OsMADS3, a 20 bp sequence near the MADS-box (second exon) of this gene was selected as the target of guide RNA (gRNA) (Supplementary Table S1 ). The close paralog OsMADS58 had three nucleotide deletions and two nucleotide substitutions in the sequence corresponding to this target site. Synthetic oligonucleotides containing the target sequence and adopter sequence were annealed, and then subcloned into the BbsI restriction sites of the gRNA cloning vector, pU6gRNA-oligo (Mikami et al. 2015) . After excision from the pU6gRNA-oligo vector, the DNA fragment containing the OsU6 promoter and the gRNA region was cloned into the AscI and PacI sites of pZH_OsU3gYSA_MMCas9 (Mikami et al. 2015) . The resulting recombinant plasmid was introduced into Agrobacterium tumefaciens EHA101 and transformed into scutellum-derived calli according to the method of Hiei et al. (1994) . After regeneration of plants, the target region was sequenced by using the primers in Supplementary Table S1 , and knockout lines of OsMADS3 were identified.
Morphological observation and in situ hybridization
To observe the flower phenotype, photographs were taken using an SZX10 stereomicroscope and DP21 camera (Olympus). For observation by SEM, developing inflorescences were fixed in 4% paraformaldehyde and 0.25% glutaraldehyde in 0.1 M sodium phosphate buffer, pH 7.2, at 4 C for 24 h. The samples were dehydrated in a graded ethanol series, followed by replacement with 3-methylbutyl acetate. After being dried at the critical point and sputter-coated with platinum, the samples were observed under a scanning electron microscope (model JSM-820S; JEOL) at an accelerating voltage of 5 kV.
Partial OSH1 cDNA consisting of the 3 0 region of the coding sequence (440 bp) and the 3 0 -untranslated region (55 bp) was used as a probe. Developing inflorescences were fixed and dehydrated as described by Itoh et al. (2000) and embedded in Paraplast Plus (Oxford Labware). In situ hybridization experiments and immunological detection of the signals were performed by the methods of Kouchi and Hata (1993) .
